The Oenothera mitochondrial genome contains only a gene fragment for ribosomal protein S12 ( 
INTRODUCTION
Higher plant chloroplast and mitochondrial genomes code for several components of their respective genetic translation system (1, 2, 3) . Among these are genes for the ribosomal RNAs, most of the tRNAs and a number of ribosomal proteins. However, many of the ribosomal proteins are encoded by nuclear genes and have to be imported into the organelles from the cytoplasm. According to the endosymbiont theory most of the nuclear genes coding for organellar proteins have been transferred to the nucleus during establishment of the eukaryotic cell.
Such gene translocations from the mitochondrion require the addition of a mitochondrial target sequence to the open reading frame, the correct positioning of cytoplasmic expression signals such as promoters and regulatory elements and the elimination of features specific to the organelle. These latter include organellar introns and RNA editing, which has so far not been documented for nuclear transcripts in higher plants.
RNA editing in plant mitochondria alters numerous cytidines to undines in the mRNAs of all higher plants investigated (4) (5) (6) resulting in different polypeptides to be encoded by the edited mRNAs. The proteins deduced from unedited sequences often differ in otherwise evolutionary highly conserved amino acids and may thus not be functionally competent. A gene translocation from the mitochondrion to the nucleus will have to compensate somehow for these RNA editing sites. An investigation of one such comparatively young sequence transfer of the gene for cytochrome oxidase subunit II (coxll) from the mitochondrial genome to the nucleus in legumes (7) showed the nuclear gene to correspond essentially to the edited mRNA sequence of the mitochondrial genes in other plants. This observation was interpreted to support suggestions of RNA-mediated sequence transfer between the organelles of plant cells (8) .
To gather more information about the mode of transfer we chose to investigate the gene for ribosomal protein S12 (rpsl2) in the higher plant Oenothera. The rpsl2 genes in the mitochondrial genomes of all other plants investigated to date, including ginseng (9) , maize (10) , Petunia (11) and wheat (10), appear to be intact genes. The sole exception is found in Oenothera where only a small part of the reading frame is retained in the mitochondrial DNA (12) . Genes for mitochondrial ribosomal proteins appear to be particularly affected by gene inactivation and loss from the organelle since already four examples have been described for genes incomplete or missing in some plant species. These include besides the Oenothera rpsl2 gene (12) the genes for rpsl9 in the same species (13), the rpsl4 gene in maize (14) and the rpsl3 gene in bean and pea (15) . The functional genes for these ribosomal proteins are likely to have been transferred to thejucleus in these plants during evolution.
Our investigation of the intracellular location of the rpsl2 gene in Oenothera now shows that while part of the coding region is still present in the mitochondrial DNA the functional gene has indeed been translocated to the nuclear genome. The nuclear gene is colinear with the mitochondrial edited mRNA of other species suggesting the transferred molecule to have originated from the mature mitochondrial RNA. We discuss requirements and probabilities of such gene transfers between organelles.
MATERIALS AND METHODS

Purification of nucleic acids
Genomic DNA from Oenothera was isolated according to (16) and further purified by CsCl centrifugation. Oenothera mitochondrial nucleic acids were obtained as described previously (17) . Total cellular RNA from Oenothera was isolated using the guanidinium isothiocyanate procedure (18) . Poly(A) + mRNA * To whom correspondence should be addressed was purified by use of Hybond-mAP paper (Amersham) according to the protocol of the manufacturer, unbound RNA was taken as the poly (A) ~ fraction. The Oenothera nuclear cDNA library, constructed in lambda gtl 1 was a kind gift of Prof Dr R.G.Herrmann and Dr N.Wedel.
cDNA cloning, hybridizations and sequencing About 5 x 10 5 plaques of the cDNA library were screened with a 32 P labelled wheat rpsl2 probe (284 bp BgKVXhol fragment) in successive rounds of decreasing plaque density until clear correlations between hybridization signals and individual plaques were possible. cDNA inserts from positive phages were subcloned into Bluescript SKII+ plasmids (Stratagene) and sequenced using the T7 sequencing kit (Pharmacia) according to the manufacturer's protocol.
For Northern analysis RNAs were electrophoresed through a 1.4% formaldehyde agarose gel and blotted onto Nylon membranes (Pall Biodyne A). The filter membrane was hybridized under stringent conditions with the 32 P radiolabelled BamHVPstI fragment of cDNA clone 26-1. Southern blot analysis of genomic DNA was performed by standard methods under stringent conditions as described (19) .
Radiolabelling of probes, hybridization and washing of membranes were conducted according to standard methods (19) .
PCR amplification
Amplification of the genomic rpsl2 coding sequence was done with 2.5 U Taq-polymerase (Boehringer) in the supplier's incubation buffer under standard conditions (19) . About 1 /tg genomic DNA and two primers (1 /*M each) deduced from the cDNA sequence (underlined in Fig. 3 ) were amplified in 30 cycles. The 100 ji\ reaction mixture was initally incubated 3 min at 94°C, followed by 30 rounds of incubation for 1 min at 94°C, 2 min at 60°C and 4 min at 72 °C in a Bio-med thermocycler. For nucleotide sequencing the PCR product was cut with Sacl and the resulting restriction fragments were subcloned into Bluescript SKII+.
Sequence analysis
Nucleic acid and protein sequences were analysed with the Wisconsin GCG programs (version 7.1). Sequence similarity comparisons were done with the Pileup algorithm of this program package.
RESULTS
Mitochondrial RPS12 is encoded by a nuclear gene
To identify the complete open reading frame of the mitochondrial RPS12 protein which is not encoded by the mitochondrial genome a lambda gtll cDNA library from poly(A) + RNA from Oenothera was probed with the mitochondrial rpsl2 coding sequence of wheat (10) . Three often positive clones were further investigated and clone 26 -1 was found to contain the complete rpsl2 open reading frame (Fig. 1) .
Northern experiments identify the rpsl2 transcripts in the poly(A) + fraction and confirm the absence of complete rpsll transcripts in the mitochondrial RNA preparation of Oenothera. These hybridizations thus clearly show the mRNA to be polyadenylated confirming the nuclear location of the intact rpsl2 gene (Fig. 2) . A polyadenylation signal sequence typical for nuclear encoded mRNAs is located near the 3'-end of the cloned cDNA. To analyse the gene structure particularly with respect to the occurrence of introns the corresponding genomic sequence was recovered from total Oenothera DNA by PCR amplification between primers derived from the terminal sequences of the kb 1 2 3
Nucleic Acids Research, Vol. 20, No. 21 5643 largest cDNA insert (Fig. 3) . The sequences of the cDNA clones and the nuclear genomic DNA were identical and confirm their relationship. Southern hybridisation experiments suggest a single copy gene to code for the mitochondrial RPS12 polypeptide (Fig. 4) . Single copy nuclear genes have also been found for all mitochondrial ribosomal proteins in animal and fungal species, (Fig. 3) . For comparison of the rpsl2 genomic BamHl/Pstl fragment a BamHVPstl digest of clone 26-1 was colectrophoresed (lane 4). Hybridization confirms the identity of the cloned fragment and shows the mitochondrial RPSI2 protein to be encoded by a single copy nuclear gene. The mitochondrial rpsl2 fragment will not hybridize under these stringent conditions due to numerous nucleotide sequence differences mostly in silent positions. 
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Figure 6.
Sequence similarities of nuclear and mitochondrial encoded RPS12 polypeptides. Sequence similarity analysis of the the rps!2 proteins from different species shows the nuclear encoded protein of Oenothera to be most closely related to the mitochondrial encoded plant RPS12 polypeptides. The few differences may be a consequence of sequence alterations manifested during the transposition to the nucleus or due to the faster rate of nucleotide substitutions in the nuclear genome. Sequences for mitochondrial (mt.), chloroplast (cp.) and bacterial RPS12 polypeptides were taken from the databases.
like the rpsl2 gene in Drosophila (20) and all thus far characterized yeast genes (21, 22) .
NH 2 -terminal mitochondrial transit sequence
The presequence from the first methionine to the phenylalanine codon corresponding to the start codon of the mitochondrial rpsl2 genes in ginseng, wheat, maize and Petunia covers 63 amino acids (Figs. 3 and 5 ). Other transit peptides for plant mitochondria are of comparable size (23, 24) . Several general features of transit peptides are conserved in this presequence, notably the abundant hydroxylated amino acids serine and threonine and frequent hydrophobic amino acids. The putative rpsl2 transit peptide, however, cannot be folded straightforward into an amphiphilic helix which has been proposed as a characteristic feature of mitochondrial target sequences (25) . The scattered proline residues in the presequence are expected to introduce bends in the polypeptide chain and do not allow a helical structure. The small number of plant mitochondrial presequences known to date, however, precludes any clear consensus analysis of features common to such signal peptides in plants. No primary sequence similarity is observed between this sequence preceding the conserved rpsl2 open reading frame in the Oenothera nuclear genome and any of the known mitochondrial presequences in yeast, plants or animals nor with any other published sequence.
The nuclear rpsl2 gene corresponds to edited mitochondrial sequences
The protein sequence deduced from the Oenothera nuclear rpsl2 gene (and the corresponding cDNAs) contains the amino acids specified by edited mitochondrial mRNAs in all instances of RNA editing in mitochondrial transcripts of other plants (Fig. 5 ). In the Oenothera nuclear gene all six sites altered by RNA editing in wheat and maize mitochondria as well as the three sites edited in Petunia mitochondria are identical with the edited mitochondrial mRNAs.
RNA editing has been lost in the Oenothera mitochondrial gene fragment in at least one position. The phenylalanine codon at amino acid position 158 of the Oenothera nuclear encoded protein is generated by RNA editing from a serine triplet in maize, wheat and Petunia (Fig. 5) . The analogous serine codon in the Oenothera mitochondrial rpsl2 fragment was not found to be altered by RNA editing in the mitochondrial cDNA clones analysed previously (12) . The leucine at amino acid position 153 is conserved even in E.coli and established by RNA editing in maize and wheat mitochondria (26) . This codon is correcdy found in the nuclear sequences of Oenothera, but has drifted to a phenylalanine triplet in the mitochondrial fragment.
DISCUSSION
Origin of the nuclear rpsl2 gene in Oenothera
The mitochondrial ribosomal proteins are in animals exclusively encoded in the nucleus, whereas plants encode a number of ribosomal protein genes in their mitochondrial genomes. In the completely sequenced mitochondrial genome of the liverwort Marchantia 16 ribosomal protein genes have been identified (27) . Several of these, including the rps7-rpsl2 genes, are arranged in the same order as the respective bacterial gene clusters supporting their phylogenetic relationship. With an estimated total number of 70-80 proteins in mitochondrial ribosomes (28) most of their genes, however, must be nuclear encoded in the liverwort.
Protein S12 is one of the best conserved ribosomal proteins identified to date. The location of this polypeptide in the ribosome suggests its participation in binding translation initation factors (29) . It has also been implied in drug-induced misreading and certain alterations in the RPS12 sequence result in streptomycin resistance (30) .
The mitochondrial RPS12 is encoded in the mitochondrion of Marchantia and all higher plants investigated to date with the sole exception of the flowering plant Oenothera. In this plant no complete rpsl2 gene is located in the mitochondrial genome, only a small part of the reading frame is retained. In this investigation a complete copy of the coding sequence was identified as a nuclear encoded gene. Sequence comparison of this nuclear encoded protein from Oenothera with the respective polypeptides of other species shows the nuclear gene to be clearly related to the plant mitochondrial sequences (Fig. 6 ) and therefore to be derived from a former plant mitochondrial gene. In the deduced protein sequence 81.6% of the amino acids are identical with the maize and wheat mitochondrially encoded proteins. Similarity with the chloroplast polypeptides (56.4%) is slightly less than the number of amino acids identical with bacterial proteins, which amount to 59.3% and 64.5% with E.coli and B.stearothermophilus respectively (Fig. 6) .
Transfer of the rpsl2 gene must thus have occurred during speciation of higher plants in the branch leading to Oenothera species. The presence of a remnant of die original mitochondrial gene in Oenothera suggests the switch from active mitochondrial gene to the active nuclear gene to have occurred comparatively recently in the evolution of this lineage. Investigation of the nuclear genomes of other plants for the presence or absence of mitochondrial rpsl2 coding sequences will yield further information about when and how often this gene has been transferred.
Integration of transferred genes into the nucleus
The nuclear encoded open reading frame of rpsl2 in Oenothera has like the nuclear coxll gene in cowpea (7) aquired an additional NH 2 -terminal sequence that presumably functions as protein target sequence to the organelle. The cowpea presequence is separated in the genome from the actual coding region by an intron, whereas the rpsl2 presequence is contiguous with the conserved rps!2 coding region. Exon shuffling as proposed for the coxll gene is thus unlikely to have been involved in adding the presequence to the rpsl2 coding region in Oenothera. The nuclear rpl22 gene encoding a chloroplast ribosomal protein in legumes (31) , but none of the yeast nuclear encoded mitochondrial ribosomal proteins contain an intron at the presequence boundary (22, 28) suggesting both pathways of presequence addition to occur.
It is unclear how integration of the rpsl2 mitochondrial sequences into the nuclear genome has occurred. No features indicative of the mode of integration are observed at the putative borders of the transferred rpsl2 sequences. Only the open reading frame of rpsl2 itself shows clear similarity with the respective mitochondrial sequences. Undirected insertion of the mitochondrial genes into the nucleus has to ensure correct addition of transcription and translation signals and of a mitochondrial target sequence. Such a situation could be provided if the mitochondrial gene inserts into an active protein coding gene that contains these signals and adds the presequence from its own reading frame. Although e.g. more than 2.7% of a bacterial chromosome have been found to potentially act as mitochondrial passage presequences (32) the probability of an active gene transfer into the nuclear genome arriving by chance in the correct reading frame in the right context is still low.
These requirements suggest that only a large number of undirected transfer and integration events will result in a single successful active gene transfer. The remnants of such transfertrials should be detectable in the nuclear genomes of all plants and eukaryotes if not rapidly eliminated. Several reports of mitochondrial sequences in the nuclear genomes of animals and plants support this consideration, but are far too limited to provide the necessary sequence pool (33 and refs in 8) . A rapid loss of unused sequences in the nuclear genome is not observed for small repeated sequences and for the apparently non-transcribed coxll gene copy in the nuclear genome of pea for example (7) . Such an undirected transfer and integration model could be operable only with a selection pressure for retaining potentially functional genes to explain the apparent absence of numerous other rpsl2 or coxll sequence fragments in the nuclear genome.
An alternative model requires a (hypothetical) selection of the actual integration events for potential function. Only such integrations will occur that establish correct contexts for the mitochondrial reading frames in the nucleus. This theoretical model would thus exclude all random integrations and preclude a background of mitochondrial sequences in the nuclear DNA. A specific transfer and integration mechanism could operate via transposon-like shuttles that move between the different genomes. Retrotransposon derived sequences have been found in the mitochondrial genome of Oenothera (17) but their function remains as yet unclear.
Mode of the sequence transfer
Inferences about the sequence transfer mechanism can be made from analysis of the amino acids encoded by the nuclear rpsl2 gene at the positions of mitochondrial RNA editing sites. The observation that all mitochondrial editing sites correspond in the nuclear rpsl2 gene with the edited mitochondrial sequences suggests that the mitochondrial molecule from which the sequence transfer started was an edited mRNA rather than the genomic, unedited DNA. This conclusion is supported by the investigation of the other comparatively young sequence transfer of the coxll gene in legumes (7) . The nuclear coxll gene in cowpea is colinear with the edited mRNA sequence of other species which was also interpreted as evidence supporting its derivation from mitochondrial mRNA. The lack of any mitochondrial sequences surrounding the integrated rpsl2 nuclear gene can be accounted for by loss of these nucleotides through rapid drift in the nucleus or alternatively by preselection of the sequence either at the instance of integration or of reverse transcription.
The observation of these nuclear sequences corresponding to the edited RNA sequences in the mitochondrion of other plants furthermore suggests that analogous RNA editing does not commonly occur in the nucleus even in such transferred mitochondrial genes. This conclusion, however, does not preclude RNA editing of nuclear transcripts per se since specific factors may be required that are unlikely to cotransfer with the mitochondrial sequence if acting in trans.
How frequent are 'recent' gene transfers in plants ?
The pseudo-gene nature of the rpsl2 fragment in the mitochondrial genome in Oenothera has been confirmed by the identification of the respective nuclear gene reported here. The former organellar gene has in the only other described instance of such a recent gene translocation, the coxll gene, been deleted from the mitochondrial genome of cowpea, but hybridization data suggest the gene transfer to have preceded the loss of the organellar gene in other legumes (7) . Absence of complete or intact genes in mitochondria of one plant species but not others thus suggests further instances of such interorganellar gene transpositions.
The gene for ribosomal protein S13 (rpsl3) seems silent in wheat mitochondria although completely encoded in the organelle (34) .
The rpsl3 gene appears to be absent from the mitochondrial genomes of pea and bean and may thus also be encoded by a nuclear gene in these three species (15) . The only (in length) complete reading frame for ribosomal protein S19 is interrupted in genomic and cDNAs by a translational stop codon in Oenothera mitochondria and therefore is another candidate for a recent transfer to the nuclear compartment (13) . Such sequence translations from the mitochondrial genome to the nucleus may thus be comparatively recent in higher plants. In mammalia and yeast nearly all of the mitochondrial ribosomal protein genes reside in the nucleus and presumably have been transferred at some point early in evolution. The spurious similarity of the yeast nuclear genes with the corresponding bacterial sequences suggests these transfers to have occurred very early in evolution (21, 22, 28) .
Sequence transfers between mitochondria, chloroplasts and the nucleus have also been found in most of the other potential directions, including integration of chloroplast sequences into the nuclear genome and chloroplast and nuclear sequences into the mitochondrial DNA (refs in 8). Nucleic acid movement between the different organelles thus appears to be a common feature of the plant cell and suggests the compartimentation between the three genomes of plants to be more fluid than previously thought.
